1. Introduction {#s0005}
===============

Kidney stone is one of the most common diseases in urology and recur in up to 50% of patients within 5--10 years after the initial stone episode. Calcium-containing stones constitute approximately 80% of cases of kidney stones [@bib1], [@bib2]. Despite the performance of an extensive number of studies, the exact mechanism responsible for kidney stone formation remains poorly understood; thus, developing effective means of preventing stone formation and recurrence remains an important challenge [@bib3], [@bib4]. Accumulating numbers of studies have demonstrated that high oxalate- and/or CaOx-induced oxidative injury of renal tubular epithelial cell is a pivotal factor in kidney stone formation, as this type of injury not only promotes the crystallization of CaOx crystals by providing substances for their heterogeneous nucleation but also enhances the adhesion of CaOx crystals to renal epithelial cells [@bib5], [@bib6], [@bib7], [@bib8]. Therefore, inhibiting the renal oxidative injury may have beneficial effects on renal function and decrease the rate of kidney stone recurrence [@bib9].

Autophagy is a cellular process that contributes to the degradation of endogenous cellular protein aggregates and damaged organelles via the lysosomal pathway and plays important roles in the pathogenesis of a variety of diseases, including kidney injury and kidney diseases [@bib10], [@bib11], [@bib12], [@bib13]. Emerging studies recently indicated that autophagy is involved in the development of many kidney diseases, such as diabetic nephropathy, glomerular diseases, ischemia-reperfusion (I/R)-induced kidney injury, renal cancer and renal fibrosis; however, little is known about the role of autophagy in the development of kidney stones, which are a form of chronic kidney injury and disease [@bib10], [@bib14], [@bib15]. In addition, emerging investigations have confirmed that autophagy dysfunction results in impaired mitochondrial function, reactive oxygen species (ROS) accumulation and oxidative stress [@bib16], [@bib17], [@bib18], [@bib19].

Thus, we hypothesized that autophagy is involved in the regulation of oxalate-induced oxidative injury of renal tubular cells and investigated its role in the regulation of hyperoxaluria-induced renal oxidative injury and CaOx crystal depositions in the present study.

2. Materials and methods {#s0010}
========================

2.1. Animal and materials {#s0015}
-------------------------

Forty male Sprague-Dawley rats (6--8 weeks old, 180--220 g) were randomly divided into the following four groups: a control group, a model group, and groups treated with rapamycin or chloroquine, respectively. The control group rats had free access to tap water. The hyperoxaluria rat model was induced by allowing the rats in the EG group free access to drinking water containing 1% EG, as described in previous studies [@bib20], [@bib21], [@bib22]. The rats in the treatment groups were daily intraperitoneally injected with chloroquine (30 mg/kg/d, Sigma-Aldrich, USA) or rapamycin (0.25 mg/kg/d, Sigma-Aldrich, USA) for 4 weeks, whereas the control rats received an equal volume of normal saline. Rapamycin and chloroquine were dissolved in DMSO and PBS, respectively, as a stock solution of 10 mM, and were resuspended in saline before injection. All rats had free access to regular rat chow and were maintained at 25 °C and under a light-dark cycle during the experimental period. All procedures were performed in accordance with the Animal Management Rules of the Ministry of Health of the People\'s Republic of China and were approved by the Animal Care Commission of the First Affiliated Hospital of Guangzhou Medical University. Oxalate was prepared as described previously [@bib23]. Briefly, a stock solution of 50 mM sodium oxalate was prepared in sterile PBS and was diluted to a concentration of 0.75 mM in defined medium. Anisomycin and JC-10 were purchased form Selleck and Abcam, respectively.

2.2. Cell culture and transfection {#s0020}
----------------------------------

NRK-52E cells were purchased from ATCC (USA) and cultured in dulbecco\'s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 10 mM Hepes buffer as ATCC\'s suggestion in a humidified incubator containing 5% CO~2~ at 37 °C. The pEGFP-LC3 and ptfLC3 plasmids used in the study were gifts from Tamotsu Yoshimori (Addgene plasmid \#21073 and \#21074). Small interfering RNA (siRNA) was synthesized by RiBoBio Co. Ltd. (Shanghai, China). The sequences of the siRNAs used in the study were as follows: 5′-CGAUCAAUAAUUUCAGACU-3′(siRNA-Beclin-1) and 5-UUCUC CGAACGUGUCACGU-3′ (siRNA-NC). The transfections were conducted with indicated plasmids or siRNAs using Lipofectamine LTX according to the manufacturer\'s instructions (Invitrogen).

2.3. Cell viability assay {#s0025}
-------------------------

Cell viability was assessed using a Cell Titer 96^®^ AQueous One Solution Cell Proliferation Assay Kit (MTS, Promega). For this experiment, the cells were treated with 10 μL of MTS (5 mg/mL in PBS) and then incubated for 2 h at 37 °C in a humidified atmosphere containing 5% CO~2~. Relative cell viability was assessed with an ELISA reader with a 490-nm filter.

2.4. Western blot analysis {#s0030}
--------------------------

Western blot analysis was conducted as described previously. Briefly, the cells were lysed in RIPA buffer, and equal amounts of protein were separated on an SDS polyacrylamide gel, transferred to an NC membrane (Millipore) and then immunoblotted with antibodies. Primary antibodies against the following proteins were used in this study: Beclin1(\#3495), SQSTM1/P62 (\#5114), LC3A/B (\#12741), phospho-p38 (T180/Y182, \#4511) and p38 (\#9212) were purchased from Cell Signaling Technology, 8-OHdG (ab10802) and SOD1 (ab51254) were purchased from Abcam, GAPDH (sc-365062) was purchased from Santa Cruz. The following secondary antibodies used in the study were purchased from Santa Cruz: HRP-conjugated anti-mouse and anti-rabbit IgG (sc-2005 and sc-2004). The band intensities were quantified and normalized to the band intensities of GAPDH using ImageJ software. The data were presented as bar graphs after their statistical validity was tested.

2.5. Determination of lactate dehydrogenase (LDH) release {#s0035}
---------------------------------------------------------

NRK-52E cells were seeded into 96-well plates (5 × 10^3^ cells/well). After the cells received the appropriate treatments, the medium from the control and experimental groups was centrifuged to remove crystals and cellular debris. LDH release was then quantified using a CytoTox 96^®^ Non-Radioactive Cytotoxicity Assay Kit (Promega, USA), according to the manufacturer\'s instructions. The absorbance was read at 490 nm using a multimode reader (SynergyH1, BioTek), and the results were expressed as the percent LDH release. The results for the treated samples were normalized to those for the control samples.

2.6. Determination of glutathione (GSH) content {#s0040}
-----------------------------------------------

GSH content was quantified by a GloMax^®^ 96 Microplate Luminometer, according to the instructions for the GSH-Glo™ Glutathione Assay Kit (Promega, USA). The values for the treated samples were normalized to those for the control samples.

2.7. Measurement of intracellular ROS levels {#s0045}
--------------------------------------------

Dihydroethidium (DHE) fluorescence dye was used to evaluate intracellular ROS generation. For this experiment, the cells were incubated with DHE (Sigma-Aldrich, USA) solution (5 µM) in DMEM in the dark for 30 min at 37 °C. Excess DHE was removed via two rinses with PBS solution, and the images were captured with a fluorescence microscope (IX-71, Olympus) immediately thereafter. ROS levels were semi-quantified by ImageJ software. All data pertaining to the ROS levels for the experimental group were normalized to those for the control group.

2.8. Measurement of mitochondrial membrane potential (Δψm) {#s0050}
----------------------------------------------------------

JC-10 dye was used to monitor mitochondrial integrity. Briefly, NRK-52E cells were seeded in black 96-well plates (1 × 10^4^ cells/well). After receiving the appropriate treatments, the cells were incubated with JC-10 (10 μg/mL) for 15 min at 37 °C and then washed twice with PBS. For signal quantification, we measured red (excitation 560 nm, emission 595 nm) and green fluorescence (excitation 485 nm, emission 535 nm) intensities using a multimode reader (Synergy H1, BioTek). Mitochondrial membrane potential (Δψm) was calculated as the JC-10 red/green fluorescence intensity ratio, and this value was normalized to the corresponding value for the control group.

2.9. Transmission electron microscope (TEM) assay {#s0055}
-------------------------------------------------

Kidney tissue specimens from the rats and NRK-52E cells were fixed in 2.5% glutaraldehyde (2.5% in 0.1 Mphosphate buffer, pH 7.4) and dehydrated in a graded series of ethanol. Ultrathin sections were obtained and stained as described previously [@bib24], and then they were observed by a JEM-100CXII TEM (JEOL, Japan). The autophagosomes and autolysosomes were identified as described previously [@bib25].

2.10. Preparation of ponceau-S-labeled COM crystals {#s0060}
---------------------------------------------------

Calcium oxalate monohydrate (COM) crystals were prepared according to protocols established previously [@bib26]. Briefly, CaCl~2~ (10 mM) and Na~2~C~2~O~4~ (1 mM) were diluted to final concentrations of 5 mM and 0.5 mM, respectively, in Tris buffer containing 90 mM NaCl (pH 7.4) and ponceau-S (22.5 mg/mL). The mixture was incubated overnight at room temperature, and the COM crystals were harvested by centrifugation at 2000 g for 5 min before being re-suspended in methanol and centrifuged at 2000 g for 5 min. The methanol was subsequently removed, and the COM crystals were air-dried.

2.11. Crystal-cell adhesion assay {#s0065}
---------------------------------

After receiving the appropriate treatments, NRK-52E cells were cultured in a 6-well plate until they reached 100% confluence. After being washed with PBS, the cells were incubated in DMEM containing 40 µg/mL ponceau S-labeled COM crystals for 10 min at 37 °C in a humidified atmosphere of 5% CO2. The cells were then washed vigorously with PBS thrice to remove unbound COM crystals. Finally, pictures were captured under a Bright field inverted microscope (IX-71, Olympus), and the number of adherent (or remaining) crystals labeled by ponceau-S in at least 10 randomized high-power fields per well were counted.

2.12. Observation of renal CaOx crystal deposition {#s0070}
--------------------------------------------------

For this experiment, rat kidneys were isolated, fixed in 4% paraformaldehyde and then embedded in paraffin. Cross-sections (4 μm) of the kidneys were prepared and stained with hematoxylin-eosin, after which the sections were analyzed for COM crystal depositions via polarized light optical microphotography (CX31-P, Olympus, Japan). CaOx crystal depositions in the renal tissue sections were quantified manually by determining the sizes of the areas of crystal deposition using ImageJ software. All assessments were performed by an observer blinded to the experimental conditions.

2.13. Immunohistochemical staining {#s0075}
----------------------------------

The kidney sections were processed for immunohistochemistry as described previously [@bib27]. Antibodies against Beclin1, SQSTM1/P62, phospho-p38, p38, 8-OHdG and SOD1(Abcam Inc) were used for these experiments. Images were obtained with a PathScope™ 4S scanner (DigiPath, USA) and quantified using Image Pro Plus software.

2.14. Statistical analysis {#s0080}
--------------------------

The data are reported as the mean ± SD of at least three independent experiments. The mean differences were compared using ANOVA and Student\'s *t*-test, and a p value less than 0.05 was considered statistically significant.

3. Results {#s0085}
==========

3.1. Oxalate induces autophagy activation in NRK-52E cells {#s0090}
----------------------------------------------------------

As high oxalate-induced oxidative stress contributes to cell injury and promotes CaOx crystal deposition renal tissues [@bib5], we first investigated the effect of oxalate on autophagy in NRK-52E cells. As shown in [Fig. 1](#f0005){ref-type="fig"}, oxalate stimulation significantly increased Beclin1 and LC3-II expression but decreased SQSTM1/p62 expression in a time- and dose-dependent manner. TEM assay revealed that the number of autophagic vacuoles was obviously increased in the cells treated with oxalate compared with the cells in the control group ([Fig. 2](#f0010){ref-type="fig"}A). In addition, treatment with 0.75 mM oxalate clearly increased the number of LC3-II positive puncta in NRK-52E cells compared with the control group ([Fig. 2](#f0010){ref-type="fig"}B). These data indicated that oxalate stimulation could induce a significant autophagic response [@bib28]. Furthermore, as an increase in the number of autophagic vacuoles can be caused by increased formation and/or decreased degradation of autophagic vacuoles, we investigated the effect of oxalate on autophagosome and autolysosome formation using an mRFP-GFP tandem fluorescent-tagged LC3 construct [@bib29]. As shown in [Fig. 2](#f0010){ref-type="fig"}C, the numbers of GFP (green), mRFP (red), free mRFP (red) and yellow dots were clearly increased in the group exposed to oxalate compared with the control group, indicating an increase in the formation of both autophagosomes and autolysosomes after oxalate stimulation, as well as the fusion of autophagosomes and lysosomes to form autolysosomes induced by oxalate exposure.Fig. 1**Effect of oxalate stimulation on the expressions of autophagy substrates in NRK-52E cells.** Twenty-four hours after seeded, NRK-52E cells were incubated in the medium supplemented with 1% FBS for 1 h, followed by the addition of oxalate (0.75 mM) for indicated hours (A) or different concentrations of oxalate for 48 h (B), then the cells were harvested and the expressions of indicated proteins were detected by western blot and quantified using ImageJ software. \**P* \< 0.05 and \*\* *P* \< 0.01 versus untreated group.Fig. 1Fig. 2Quantitative changes of autophagic vacuoles, autophagosomes and autolysosomes after exposure to urinary proteins in NRK-52E cells. (A) Quantitative changes of autophagic vacuoles under TEM in NRK-52E cells after treated with/without 0.75 mM oxalate for 48 h. The red arrows indicate autophagic vacuoles. Scale bar: 1 µm. (B) Fluorescent microscopic and quantitative analysis of NRK-52E cells that were transfected with pEGFP-LC3 plasmids and treated with/without 0.75 mM oxalate for 48 h. (C) Fluorescent microscopic and quantitative analysis of NRK-52E cells that were transfected with ptfLC3 plasmids and treated with/without 0.75 mM oxalate for 48 h. \*\**P* \< 0.01 and \*\*\**P* \< 0.001.Fig. 2

3.2. Autophagy activation accelerates oxalate-induced oxidative injury and mitochondrial damage in NRK-52E cells {#s0095}
----------------------------------------------------------------------------------------------------------------

Since oxalate-induced renal cell injury is closely associated with ROS overproduction, and autophagy has been shown to regulate ROS generation and oxidative stress [@bib7], [@bib16], we then investigated the effects of autophagy on oxalate-induced cell injury, ROS production and LDH release in NRK-52E cells exposed to oxalate in the presence of rapamycin (an autophagy agonist) or chloroquine (an autophagy antagonist). As shown in [Fig. 3](#f0015){ref-type="fig"}A, oxalate-induced inhibition of cell viability was significantly attenuated in the presence of chloroquine, whereas cell viability decreased further in the presence of rapamycin. In addition, chloroquine pretreatment clearly attenuated oxalate-induced ROS generation, LDH release and GSH decrease, whereas rapamycin represented contrasting effects ([Figs. 3](#f0015){ref-type="fig"}B-[3](#f0015){ref-type="fig"}D). Since the mitochondrial respiratory chain is the major source of ROS in the kidney [@bib30], [@bib31], we then detected the effect of autophagy on oxalate-induced mitochondrial damage. As shown in [Fig. 3](#f0015){ref-type="fig"}E, chloroquine pretreatment obviously attenuated oxalate-induced mitochondria edema and damage, whereas rapamycin significantly enhanced the injury. In addition, chloroquine significantly attenuated the mitochondrial membrane potential (Δψm) losses induced by oxalate, whereas rapamycin represented a contrasting effect ([Fig. 3](#f0015){ref-type="fig"}F). Furthermore, the adhesion of CaOx crystals to injured renal tubular epithelial cells is a key step in the development of kidney stones [@bib5], [@bib32], [@bib33]; thus, we investigated the effect of autophagy on crystal adhesion and found that chloroquine significantly decreased the adhesion of CaOx crystals to NRK-52E cells, whereas rapamycin clearly enhanced the adhesion ([Fig. 3](#f0015){ref-type="fig"}G). Together, these results suggested that autophagy activation accelerates oxalate-induced oxidative injury and mitochondrial damage in NRK-52E cells and promotes the adhesion of CaOx crystals to injured cells.Fig. 3**Effects of rapamycin and chloroquine on oxalate-induced oxidative injury of NRK-52E cells.** (A-C) Twenty-four hours after being seeded in a 96-well plate, NRK-52Ecells were incubated with or without rapamycin (RAP, 5 μM) or chloroquine (Clo, 5 μM) for 2 h, after which they were stimulated with oxalate (0.75 mM) for 48 h. Cell viability, LDH release and GSH release were subsequently assessed as described in the "Materials and Methods". (D) DHE staining results and quantitative data for cells treated as described in (A-C). Original magnification 200×. (E) Ultrastructural images of the mitochondria in NRK-52E cells treated as described above. Scale bar: 500 nm. The surface areas of indicated mitochondria were quantified using ImageJ software. (F) Mitochondrial membrane potential (Δψm) of the cells treated as described above was determined by JC-10 assay. (G) Crystal-cell adhesion assay results and quantitative data for ponceau-S-labeled COM crystals (red) adhering to cells treated as described above. Original magnification 200×. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001.Fig. 3

3.3. p38 signaling is involved in autophagy-mediated oxidative injury induced by oxalate in NRK-52E cells {#s0100}
---------------------------------------------------------------------------------------------------------

Since p38 protein kinase is a pivotal signal protein that promotes ROS generation and oxidative injury after being activated in response to oxidative stress, we then investigated the effect of autophagy on p38 activation. The results revealed that chloroquine clearly attenuated oxalate-induced p38 phosphorylation, whereas rapamycin significantly enhanced oxalate-induced p38 phosphorylation ([Figs. 4](#f0020){ref-type="fig"}A and [4](#f0020){ref-type="fig"}B). In addition, anisomycin, a chemical activator of p38 [@bib34], partially reversed the effects of chloroquine on oxalate-induced p38 phosphorylation, cell viability inhibition, LDH release, ROS generation and membrane potential losses, whereas had no significant effect on chloroquine-mediated ratio of LC3 II/LC3 I ([Figs. 4](#f0020){ref-type="fig"}C-[4](#f0020){ref-type="fig"}G). Taken together, these results indicated that chloroquine-mediated protective effect on oxalate-induced oxidative injury and mitochondrial damage is, at least in part, mediated by p38 signaling.Fig. 4**Involvement of p38 signaling in the regulation of autophagy-mediated oxidative injury induced by oxalate.** (A and B) The expression levels of indicated proteins in NRK-52E cells treated as described in [Fig. 3](#f0015){ref-type="fig"}A were detected by western blot and quantified using ImageJ software. (C) Twenty-four hours after being seeded in 60-mm dishes, the cells were incubated with or without anisomycin (A, 1 μM) for 2 h, after which they were treated with or without chloroquine (Clo, 5 μM) for 2 h and stimulated with oxalate (0.75 mM) for 48 h. The expression levels of the indicated proteins were detected by western blot and quantified using ImageJ software. (D, E and G) NRK-52E cells were seeded in a 96-well plate and treated as described in (B), then the cell viability, LDH release and mitochondrial membrane potential were assessed as described in [Fig. 3](#f0015){ref-type="fig"}. (F) DHE staining results and quantitative data for cells treated as described in (C). Original magnification 200×. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001.Fig. 4

3.4. Beclin1 siRNA-mediated autophagy inhibition protects NRK-52E cells from oxalate-induced oxidative injury {#s0105}
-------------------------------------------------------------------------------------------------------------

Furthermore, the role of autophagy in the regulation of oxalate-induced oxidative injury was confirmed by knocking down Beclin1 expression in NRK-52E cells ([Fig. 5](#f0025){ref-type="fig"}A). Similar to chloroquine pretreatment, Beclin1 siRNA also attenuated the effects of oxalate on p38 phosphorylation, cell viability, ROS generation and LDH release in NRK-52E cells ([Figs. 5](#f0025){ref-type="fig"}A-[5](#f0025){ref-type="fig"}D), suggesting that autophagy inhibition has protective effects on oxalate-induced oxidative injury in renal tubular epithelial cells.Fig. 5**Effects of siRNA-mediated Beclin1 knockdown on oxalate-induced oxidative injury in NRK-52E cells.** (A) Forty-eight hours after transfection, NRK-52E cells were cultured in medium supplemented with or without 0.75 mM oxalate for 48 h, then the expressions of indicated proteins were detected by western blot and quantified using ImageJ software. (B and C) Forty-eight hours after transfection, equal amounts of cells were seeded in 96-well plate and cultured in medium supplemented with or without 0.75 mM oxalate for 48 h. Cell viability and LDH release were subsequently assessed. (D) DHE staining results and quantitative data for cells treated as described in (A). Original magnification 200×. \**P* \< 0.05 and \*\**P* \< 0.01.Fig. 5

3.5. Autophagy inhibition attenuates ethylene glycol (EG)-induced oxidative stress-mediated injury and CaOx crystal deposition in the rat kidney {#s0110}
------------------------------------------------------------------------------------------------------------------------------------------------

Finally, a hyperoxaluria rat model induced by EG was used to assess the effects of oxalate on renal tubular epithelial cell injury and CaOx crystal depositions in vivo [@bib27]. TEM assay showed that the number of autophagic vacuoles, including autophagosome and autolysosome, is significantly increased in model rats compared with control rats ([Fig. 6](#f0030){ref-type="fig"}A). Immunohistochemistry assay showed that Beclin1 protein expression levels were significantly increased, and SQSTM1 expression levels were decreased in the kidneys of EG-treated rats compared with the kidneys of control rats ([Fig. 6](#f0030){ref-type="fig"}B). Administration of chloroquine or rapamycin induced changes in SQSTM1 and Beclin1expression similar to those seen in the cell-based experiments, indicating that hyperoxaluria-induced autophagy is modulated by rapamycin and chloroquine in EG-treated rats. Meanwhile, EG-induced CaOx crystal depositions in the rat kidney were almost completely disappeared in the rats treated with chloroquine, whereas rapamycin treatment markedly increased the crystal depositions ([Fig. 6](#f0030){ref-type="fig"}C). In addition, chloroquine treatment significantly attenuated renal tubular injury, as determined by assessments of the release of renal tubular injury markers, such as SOD1 and 8-OHdG, and mitochondrial damage. In contrast, rapamycin treatment increased the 8-OHdG expression and mitochondrial damage ([Figs. 7](#f0035){ref-type="fig"}A and [7](#f0035){ref-type="fig"}B). Furthermore, similar to the results of cell-based experiments, the phosphorylation and expression of p38 in EG-treated rat kidneys were clearly increased compared with that in control rat kidneys, and these increases were significantly attenuated by chloroquine treatment but was markedly enhanced by rapamycin treatment ([Fig. 7](#f0035){ref-type="fig"}A), demonstrating that chloroquine-mediated autophagy inhibition plays a protective role in hyperoxaluria-induced renal tubular epithelial cell injury and CaOx crystals depositions.Fig. 6**Effects of rapamycin or chloroquine on autophagic activity and EG-induced CaOx crystals depositions in rat kidneys.** (A) Quantitative changes in autophagic vacuoles under TEM in kidney sections from indicated rats. The red arrows indicate autophagic vacuoles. Scale bar: 1 µm. (B) The expressions of Beclin1 and SQSTM1 in kidney sections from indicated rats were detected by immunohistochemical staining and quantified using Image Pro Plus software. (magnification 200×) (C) Photomicrographs of kidney sections from indicated rats were obtained under dark field illumination with polarized light. Retained crystals exhibit strong birefringence (magnification 200×). The sizes of the areas of crystal deposition per field were estimated and quantified using ImageJ software. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001.Fig. 6Fig. 7**Effects of rapamycin or chloroquine on EG-induced renal oxidative injury in rat kidneys.** (A) Immunohistochemical staining and quantification for oxidative injury-related markers and p38 in kidney sections from indicated rats. Original magnification 200×. (B) Ultrastructural images of mitochondria in kidney sections from indicated rats. The red arrows indicate mitochondria. Scale bar: 500 nm. The surface areas of indicated mitochondria were quantified using ImageJ software. \**P* \< 0.05, \*\**P* \< 0.01 versus Control group, \# *P* \< 0.05, \#\#*P* \< 0.01 versus EG group.Fig. 7

4. Discussion {#s0115}
=============

In the present study, we found that oxalate stimulation activated autophagy in renal tubular epithelial cells and chloroquine pretreatment significantly attenuated oxalate-induced mitochondrial damage and oxidative injury, as well as EG-induced CaOx crystals depositions in the rat kidney, via, at least in part, inhibiting p38 signaling activation in vitro and in vivo, whereas rapamycin had contrasting effects, revealing a novel role of autophagy in the regulation of oxalate-induced oxidative injury of renal tubular cell and EG-induced CaOx crystals depositions in the rat kidney.

Kidney stone is a type of chronic kidney injury, and emerging investigations have indicated that autophagy plays important roles in the regulation of both acute kidney injury (AKI) and chronic kidney diseases (CKDs), such as I/R-induced kidney injury, sepsis, nephrotoxin-induced AKI, glomerular disease, diabetic nephropathy and renal fibrosis; however, little is known about the role of autophagy in the regulation of kidney stone formation [@bib10], [@bib11]. To investigate the role of autophagy in the regulation of oxalate-induced renal tubular cell injury and renal stone formation, we first examined the effect of oxalate exposure on autophagy activation in renal tubular epithelial cells and found that oxalate stimulation could regulate the molecular markers' expressions of autophagy activation in a time- and dose-depended manner, such as Beclin1, LC3 II/LC3 I and SQSTM1. TEM assay and LC3-II positive puncta detection also confirmed that autophagy is activated in response to oxalate stimulation. In addition, both the numbers of autophagosomes and autolysosomes were dramatically increased in the oxalate-treated cell compared with the untreated cells. Taken together, these data strongly indicated that autophagy was activated in response to oxalate stimulation in renal tubular epithelial cells, which is similar to the effect of urinary proteins exposure [@bib25], [@bib28].

Since the oxidative injury of renal tubular cells induced by high oxalate and/or CaOx crystals is a key factor in stone formation [@bib5], we then detected the effects of autophagy activation and inhibition, which were induced by rapamycin and chloroquine, respectively, on oxalate-induced cell oxidative injury in NRK-52E cells. Interestingly, the results showed that chloroquine pretreatment significantly attenuated oxalate-induced cell viability inhibition and oxidative injury, whereas rapamycin exerted contrasting effects, indicating that autophagy activation has detrimental effects on cells exposed to oxalate, these results are opposite to the results of urinary proteins, cisplatin and cyclosporine A exposure. In one hand, autophagy was found to proceed cell apoptosis and injury under a low level of injury via clearing the degradation of damaged subcellular organelles, whereas severe injury-induced excessive autophagy activation may be detrimental [@bib35], [@bib36], [@bib37]. In another hand, the effect of autophagy activation on cell death and injury is related to its duration. For example, unilateral ureteral obstruction (UUO)-induced autophagy has a protective role at an early stage but persistent UUO stimulation induces proximal tubular epithelial cell death by excessive autophagy activation and oxidative stress in the obstructed kidney [@bib38]. So, we supposed that the different effects of autophagy on renal tubular epithelial cell injury, which were induced by oxalate, urinary proteins, cisplatin or cyclosporine A, may be caused by the different levels of injury and duration of autophagy activation. In addition, though autophagy has been shown to be involved in AKI and CKD development, its role in the regulation of renal cell injury remains a controversial subject [@bib10]. Some studies reported that autophagy activation protects renal tubular epithelial cells from injury induced by cisplatin, cyclosporine A or urinary proteins [@bib25]. In contrast, some other studies indicated that increased autophagic activity contributes to renal tubular epithelial cell death in I/R- or tunicamycin-induced renal injury [@bib39]. Therefore, whether autophagy activation has protective or detrimental effects on renal tubular epithelial cells maybe stress factor or autophagy duration dependent. However, the mechanism driving the transition of the effects of autophagy from protective to detrimental needs further investigation. Furthermore, the adhesion of crystals to renal epithelial cells, which is a key step in renal stone formation [@bib1], [@bib2], [@bib3], was markedly attenuated by chloroquine but was enhanced by rapamycin, suggesting that persistent autophagy activation may have a detrimental role during renal CaOx stone formation.

The mitochondrial respiratory chain is the principal source of ROS in the kidney, and mitochondrial function, integrity and membrane potential drive the generation of ROS, which are the key cause of oxalate- and/or CaOx-induced oxidative stress-mediated renal tubular cell injury. Previous studies have shown that autophagy plays an important role in the regulation of mitochondrial turnover, function, integrity and intracellular protein clearance, and disruption of the early steps of the autophagy pathway usually results in ubiquitinated protein accumulation, increased ROS generation and mitochondrial dysfunction [@bib16], [@bib40]. In contrast, in the present study our results indicated that oxalate-induced mitochondrial edema and depolarization, as well as the oxidative injury of renal tubular cells, were markedly attenuated by chloroquine pretreatment but accelerated by rapamycin pretreatment, suggesting that autophagy activation has detrimental effects on oxalate-induced mitochondrial damage and oxidative injury in renal tubular epithelial cells. In general, autophagy activation reduces ROS formation and oxidative injury via promoting mitophagy, but we noticed that the injury usually is light or acute, such as urinary proteins or I/R-induced injury, which is different from the injury induced by oxalate in the present study, thus, we supposed that the effects of autophagy on mitochondrial damage and oxidative injury may be depended on the injury type and autophagy duration.

Then we investigated the mechanism responsible for autophagy-related cell injury induced by oxalate and found that chloroquine significantly attenuated oxalate-induced phosphorylation of p38, a key protein kinase that promotes oxidative stress-induced ROS generation and tissue injury after its phosphorylation, whereas rapamycin clearly enhanced the phosphorylation of p38. In addition, the effects of chloroquine on oxalate-induced mitochondrial depolarization and oxidative injury were partly reversed by pretreatment with anisomycin, an agonist of the p38 signaling. Though chloroquine had been demonstrated to activate tyrosine kinase and/or PKC to induce p38 MAPK activation, which in turn induces iNOS expression and NO production, but the concentration of chloroquine used in the study is much higher than that used in the present study (100 μM vs 5 μM) [@bib41]. Similar to our results, a recent research revealed that chloroquine suppresses Kaposi\'s sarcoma-associated herpesvirus-induced p38 activation [@bib42]. Since the side-effects of chloroquine in clinical use is related to its dose, we supposed that the distinct effects of chloroquine on p38 signaling activation is caused by the different concentration. Furthermore, Beclin1 siRNA-mediated autophagy inhibition represented similar effects to chloroquine on oxalate-induced oxidative injury and p38 signaling activation in NRK-52E cells, suggesting that the protective effect of autophagy inhibition, which was induced by chloroquine or Beclin1 siRNA, on oxalate-induced oxidative injury of renal tubular epithelial cells is mediated, at least in part, by p38 MAPK signaling.

Finally, we confirmed the role of autophagy in the regulation of oxalate-induced renal injury and CaOx stone formation in vivo using an EG-treated rat model, a classic model that is widely used in studies about hyperoxaluria-induced renal injury and renal stone formation. Our data revealed that hyperoxaluria-induced oxidative injury of renal tubular cells and mitochondria, as well as CaOx crystals depositions, were significantly alleviated by chloroquine but were enhanced by rapamycin. These results were consistent with the data from the cell experiments and confirmed that autophagy activation promotes renal stone formation. Furthermore, chloroquine has been used to treat malaria and autoimmune diseases for several decades and, more recently, has been used to potentiate cancer chemotherapies and is very safe but has a plethora of dose-dependent effects. Since the human dose (4.76 mg/kg/day) equivalent to the rat dose used in the present study is much lower than the maximum dose (less than 10 mg/kg/day) that is safe for human, as determined by previous research [@bib43], we anticipate that appropriate use of chloroquine may greatly and safely decrease the rate of CaOx nephrolithiasis recurrence; however, further studies about the exact role and underlying mechanism of chloroquine in the regulation of renal CaOx stone formation are still needed.

In conclusion, our results demonstrated for the first time that oxalate-induced persistent autophagy activation is a detrimental response that accelerates renal tubular epithelial cell oxidative injury in vitro and in vivo, thus revealing a novel role of autophagy in the regulation of renal oxidative injury and CaOx crystals depositions induced by oxalate stimulation, and suggesting that chloroquine may be indicated as a treatment for CaOx nephrolithiasis and inhibiting autophagy activation in renal tubular epithelial cells may be beneficial in the clinical management of CaOx nephrolithiasis.
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